Purpose: To assess intra-observer, inter-observer and inter-modality (CT vs. MRI) reproducibility of liver surface nodularity (LSN) scores measured with software used for detection of liver fibrosis. Methods: This IRB-approved retrospective study included patients with both abdominal CT and MRI within 6 months of histopathologic sampling. Two independent observers used post-processing software to quantify LSN scores on axial non-contrast CT (NCT), axial contrast-enhanced CT (CECT), axial T2-weighted (T2W) HASTE, and axial and coronal post-gadoxetic acid T1-weighted (T1W) images obtained during the hepatobiliary phase (HBP). Ten slices were used to acquire the LSN scores. Intra-observer, inter-observer, and inter-modality (CT vs. MRI) reproducibility were assessed with intraclass correlation coefficient (ICC) and coefficients of variability (CV). Accuracy for detection of cirrhosis was evaluated for each technique. Results: 26 patients (M/F 19/7, mean age 57 years), including 7 with cirrhosis (26.9%), were assessed. Technical failure occurred with NCT (1/23, 4.3%) and T2 HASTE (8/28, 28.6%). Intra-observer reproducibility was excellent for NCT, CECT, axial and coronal T1W HBP [ICC ≥ 0.92, CV ≤ 8%]. Inter-observer reproducibility was also excellent for NCT and CECT (ICC ≥ 0.95, CV ≤ 7.3%) and for coronal T1W HBP (ICC = 0.84, CV = 5.6%). There was fair to moderate agreement between ). There were significant differences in mean LSN scores between non-cirrhotic and cirrhotic patients with NCT (2.6 vs. 4.2, p = 0.04) and T1W HBP (3.7 vs. 4.6; p = 0.01) images, with AUCs of 0.81 and 0.82, respectively. Conclusions: LSN measurement is highly reproducible with NCT and post-contrast T1W HBP on MRI, with different results obtained between CT and MRI.
Introduction
Liver biopsy remains the reference standard for assessing liver fibrosis and cirrhosis, though this method is invasive, is associated with morbidity, is subject to sampling bias and reader variability and has poor patient acceptance [1, 2] . Several non-invasive methods have been developed to assist in evaluation for liver fibrosis and cirrhosis, including a wide variety of clinical and laboratory assessments. Imaging has also played a prominent role in evaluating liver fibrosis and cirrhosis, with several methods currently employed in clinical practice ranging from visual assessment of liver morphology to elastography [3] [4] [5] [6] .
The use of liver morphology, specifically by subjectively evaluating liver surface nodularity (LSN), to stage liver fibrosis has been well studied in ultrasound imaging, with varying levels of diagnostic accuracy for predicting liver fibrosis stage reported in the literature [7] [8] [9] . The use of subjective LSN to stage liver fibrosis has been also applied to computed tomography (CT) [10, 11] and magnetic resonance imaging (MRI) [6] with varying levels of reported diagnostic accuracy. A recent study introduced a novel noninvasive method of objectively quantifying liver fibrosis and cirrhosis by applying semi-automated LSN software to CT to evaluate liver morphology and predict liver fibrosis or cirrhosis [12] . With the software, the user highlights a region of interest along the contour of the liver on continuous slices. The difference between the detected liver edge and a smooth polynomial line is measured on a pixel-by-pixel basis and then averaged for each slice. The final LSN score calculation is the mean of 10 average measurements, with a higher LSN score denoting greater surface nodularity. This method has the potential to possibly decrease the need for invasive tissue sampling or additional imaging tests, as it can be retrospectively applied to previously acquired images or be used to monitor liver disease progression over time. Furthermore, LSN software may be able to help predict cirrhosis compensation and death [13] . While this LSN software has been evaluated in non-contrast CT (NCT) and contrast-enhanced CT (CECT), it has not been applied to MRI, which is another potential modality where this quantitative method may prove helpful in aiding in staging of liver fibrosis [12, 14] . Measurement reproducibility and repeatability as well as diagnostic accuracy are crucial criteria in evaluating the performance of a quantitative imaging technique [15] .
Thus, the objective of our study was to assess intra-observer, interobserver and inter-modality (CT vs. MRI) reproducibility of LSN scores measured with software.
Methods and materials
This was a single center retrospective HIPAA-compliant study. The institutional review board at the Icahn School of Medicine at Mount Sinai approved this study and waived the requirement for informed consent.
Subjects
A computerized search of our pathology files and medical records from July 2013 to August 2014 was conducted to identify patients who underwent abdominal MRI, CT, and liver biopsy, all within 6 months. Our inclusion criteria were: a) patients over the age of 18 years, b) patients with liver biopsy within 6 months of both CT and MRI, c) liver MRI performed at 1.5T or 3T and abdominal NCT or CECT, and d) availability of pathology reports for histopathology classification of parenchymal liver disease. Exclusion criteria included patients with a non-contrast MRI exam, patients with MRI or CT performed at outside institutions without available scan parameters, patients without concomitant CT and MRI, or a non-diagnostic liver biopsy. Fig. 1 shows the flowchart for the study. The final study population included 26 patients (M/F 19/7, mean age 57 years, range 22-75 years). Of these 26 patients, 7 (26.9%) patients had no liver disease and underwent abdominal imaging for metastatic disease work-up (19.2%), splenomegaly (3.8%), and liver mass surveillance (3.8%). 19/26 (73.1%) patients had chronic liver disease, including 8 (30.8%) with chronic hepatitis C infection (HCV), 5 (19.2%) with hepatitis B infection (HBV), 1 (3.8%) with HBV and HCV co-infection, 3 (11.5%) with non-alcoholic steatohepatitis (NASH), 1 (3.8%) with glycogen storage disease, and 1 (3.8%) with congenital erythropoeitic porphyria.
The mean interval between imaging and pathology was 64 days (range 0-181 days), and the mean interval between CT and MRI was 107 days (range 13-183 days). Characteristics of the patient population are detailed in Table 1 .
CT acquisition
Abdominal CT images were obtained using routine parameters from a variety of both GE Medical and Siemens multi-detector scanners. The patients had either a single phase NCT, a single portal venous phase CECT, or a multiphase CECT. Typically, contrast enhancement was administered as a weight-based dose (1.5 mL/kg) of nonionic iodinated contrast (Isovue 370, Bracco Imaging, Westfield, New York). For singlephase studies, intravenous contrast was typically injected at 3 mL per second, with imaging through the abdomen acquired around 80 s. For multiphase CT studies, contrast enhancement was injected at a speed of 4 mL per second. A real-time bolus-triggering technique was used with a region of interest placed over the abdominal aorta with a trigger set at 100 Hounsfield Unit. Axial images through the abdomen and pelvis were obtained at arterial phase (12 s), portal venous phase (42 s) and delayed imaging (110 s). Typical scan parameters are summarized in Table 2 . Fig. 1 . Flow chart of the study population. 
MRI acquisition
Multichannel systems were used for scanning, using 1.5T (n = 13, Signa HDxt; General Electric Connecticut, USA) or 3T (n = 15, 3T Discovery MR750; General Electric, Connecticut, USA). For all sequences, we used parallel imaging factor 2 with a rectangular field of view of 300 × 400 mm, which was adjusted for patient body size. The MR images were acquired with an 18-channel phased-array receiver coil. Routine liver MRI protocol (Table 3) included non-fat suppressed axial and coronal single-shot fast spin echo T2 (SSFSE), axial fat suppressed fast spin echo (FSE) T2, axial dual-echo chemical shift T1 weighted imaging (T1), axial multi-gradient echo (GRE) T2*, axial diffusion-weighted imaging (DWI), and dynamic contrast-enhanced (CE) T1 acquisition using gadoxetic acid (Eovist; Bayer HealthCare Pharmaceuticals, Berlin, Germany). For gadoxetic acid-enhanced imaging, unenhanced, early and late arterial phases [two sequences back to back in a single breath-hold (BH)], portal venous phase (60 s), transitional phase (180 s), and HBP (at 10 and 20 min) were obtained using a 3D T1 breath-hold fat-suppressed spoiled gradient-recalled echo sequence (VIBE/LAVA) before and after dynamic contrast administration of a fixed dose of 10 mL of gadoxetic acid (mean weight-based dose of 0.025 mmol/kg) injected at a rate of 1.5 mL/sec via a power injector followed by a 20 mL saline flush using a bolus tracking technique. The use of a fixed dose of gadoxetic acid corresponds to our current standard of care clinical practice and is motivated by practicality and costs. Typical scan parameters are summarized in Table 3 .
Liver surface nodularity analysis
Custom semi-automated LSN software was applied by two independent observers (GL, observer 1; MK, observer 2; fourth-year and second-year radiology residents, respectively). The observers were blinded to clinical data. To test intra-observer variability, observer 1, repeated the dataset after a two-week interval while blinded to the clinical data and prior results. Details of the LSN measurement technique are detailed in a recent paper [12] . In short, the observer highlighted a region of interest along the surface of the liver on continuous slices. The distances between the detected liver edge and a smooth software-generated polynomial line was measured on a pixel-by-pixel basis and then averaged for each slice by the software. The final LSN score calculation was the mean of average distances of ten slices, with a higher LSN score denoting greater surface nodularity. The measurement technique was identical when applied to CT and MRI. On each test date, measurements were made on available axial NCT, axial CECT, axial T2 HASTE, axial T1 HBP, and coronal T1 HBP imaging. On the axial images, measurements were made when achievable along the anterior aspect of the left lobe of the liver if it was bordered by visceral fat or ascites. If the software rejected measurements and measurement attempts had been made on all axial slices, or if the patient was status post left lobe resection, then measurements were made along the anterior and lateral aspects of the right lobe of the liver if it was bordered by visceral fat or ascites. On the coronal images, measurements were made along the lateral aspect of the right lobe, unless the patient was status post right liver resection, in which case measurements were made along the lateral surface of the hypertrophied left lobe. Surfaces of the liver other than those mentioned above, regions where the liver contacts the abdominal wall, natural turns or fissures of the liver, significant image artifact, and the dome of the liver were avoided. Fig. 2 demonstrates examples of LSN measurements.
The images were reviewed again by the same observer after the individual measurements were generated to ensure that no sharp turns were falsely suggested by the imaging software, and any measurements that did not appear to adhere to the liver surface were rejected and did not contribute to the final LSN score. At least ten and at most twelve accepted measurements were made for each image series. A final LSN score was automatically calculated by the software as the mean of the individual slice measurements, with a higher LSN score denoting a higher degree of surface nodularity. Failure was defined as a study for which at least ten measurements could not be made. Processing time and total liver surface sampled was automatically recorded by the software.
Reference standard
Histopathologic specimens were obtained by transjugular or percutaneous liver biopsy (n = 8, 28.5%), liver resection (n = 13, 46.4%), or liver transplantation (n = 5, 17.9%). The METAVIR semi-quantitative scoring system was used for histopathologic determination of the stage of fibrosis (fibrosis stage: F0-F4) [16] . Fibrosis scores were as follows: F0 (n = 8, 30.7%), F1 (n = 2, 7.6%), F2 (n = 6, 23.1%), F3 (n = 3, 11.5%), and F4 (n = 7, 26.9%). Of the F4 (cirrhotic) patients, 1 (14.3%) patient was Child-Pugh class A, and the remaining 6 (85.7%) were Child-Pugh class B. The median MELD score was 9.7 (range 6.4-13.2).
Statistical analysis
The coefficient of variation (CV, defined as the standard deviation divided by the mean; expressed as a percentage), intraclass correlation coefficient (ICC), and Bland-Altman limits of agreement were used to assess intra-and inter-observer reproducibility of LSN measurements. 
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for axial vs. coronal imaging. The diagnostic performance of LSN score for differentiating non-cirrhotic from cirrhotic livers was evaluated by area under the receiver-operating characteristic (AUC) analysis. All data was statistically analyzed using IBM SPSS (IBM Software; New York, USA) and GraphPad Prism (GraphPad Software; California, USA). For all statistical tests, a p value less than 0.05 was considered statistically significant.
Results

LSN measurements
Twenty-six patients with both CT and MRI were analyzed with LSN software, with a total of 22 NCT, 23 CECT, and 28 MRI. For CT measurements, there was one (4.5%) failure for obtaining a LSN score for NCT, and no failures for obtaining a LSN score for CECT. The median time involved in making LSN measurements was 1.3 min (range, 0.5-5.3 min) for NCT and 1.1 min (range 0.6-4.4 min for CECT). The median total distance of liver surface evaluated was 47.8 cm (range 34.7-87.3 cm) for NCT and 68.3 cm (range 38.9-68.3 cm) for CECT.
For MRI measurements, there were 9 (32.1%) failures for obtaining a LSN score for axial T2W HASTE, and no failures for obtaining a LSN score for axial or coronal post-contrast T1W HBP. The median time involved in making LSN measurements was 1.6 min (range, 0.9-8. There was a longer mean distance of liver surface evaluated for coronal imaging vs. axial imaging (107.9 cm vs. 64.8 cm, p < 0.001).
Intra-observer reproducibility
There was excellent agreement using NCT, CECT, axial T1W HBP, and coronal T1W HBP and moderate agreement with axial T2 HASTE sequence (Table 4 , Fig. 4 ).
Inter-observer reproducibility
There was excellent agreement between observers when using NCT, CECT, and coronal T1W HBP sequence and moderate agreement with axial T2W HASTE and axial T1W HBP sequences (Table 4, Fig. 3 ).
Inter-modality and inter-sequence comparison
There was substantial agreement between NCT and CECT (ICC 0.78), with a moderate positive correlation observed between NCT and CECT (r = 0.58, p < 0.05). There was substantial agreement also between axial T2 HASTE and axial HBP (ICC 0.75) with moderate positive correlation observed (r = 0.5, p < 0.05). There was moderate agreement between axial HBP and coronal HBP (ICC 0.57), though there was no statistically significant correlation observed between these sequences (p = 0.21). There was slight to fair agreement between CT and MRI sequences, as well as between axial T2 HASTE and coronal T1 HBP sequences (ICC 0.20-0.44), with moderate positive correlation between NCT and axial T1 HBP (p = 0.49, < 0.02). No significant correlation was observed between other combinations of CT and MRI sequences (p = 0.41-0.98).
Preliminary diagnostic accuracy of LSN score for diagnosing cirrhosis
There was a significant difference between F0-3 versus F4 with NCT (2.56 vs 4.21, p = 0.04) and coronal T1W HBP (3.73 vs 4.63; p = 0.01) images, with AUC of 0.81 and 0.82, respectively, for identifying cirrhosis (Table 5 ). The AUC cutoff for predicting cirrhosis (F4) was 2.86 (sensitivity 83.3%, specificity 76.9%) for NCT and 3.86 (sensitivity 87.5%, specificity 47.8%) for coronal T1W HBP. Table 4 Inter-and intra-observer reproducibility in liver surface nodularity software using noncontrast CT (NCT), contrast-enhanced CT (CECT) and MRI. 
Discussion
In this study, we compared the precision of a novel semi-automated software for evaluating liver fibrosis stage by measuring LSN with CT vs. MRI. We showed that intra-and inter-observer reproducibility were excellent for NCT, CECT and coronal T1W HBP sequence, as reported by Smith et al. using NCT [12] . In our study, NCT and coronal T1W HBP sequences demonstrated acceptable accuracy in diagnosing liver cirrhosis, though the sample size was small. Both Smith et al. [12] and recently Pickhardt et al. [14] observed excellent diagnostic accuracy of LSN using NCT for predicting cirrhosis (AUC of 0.910 and 0.959, respectively). Our preliminary results also demonstrated a statistically significant, though lower AUC of 0.81. This may be due to our limited sample size (which included only patients with pathology-proven fibrosis staging) and to included populations (Smith et al. included normal subjects and the Pickhardt et al. study focused on patients with chronic end-stage liver disease undergoing transplant evaluation, patients with pre-cirrhotic hepatic fibrosis, and potential kidney donors). Our population included a majority of chronic liver disease patients (73.1%).
Application of the LSN software to MRI has not been previously reported. We found that axial T2W HASTE and axial T1W HBP sequences were neither highly reproducible between readers, nor they were accurate in diagnosing liver cirrhosis. This finding is in contradistinction to coronal T1W HBP, which was found to be both reproducible and accurate in predicting liver cirrhosis. This discrepancy may be explained by the presence of a more well-defined fat plane along the lateral surface of the liver in the right lobe when compared to the anterior surface of the liver on the left lobe, allowing for more reproducible measurements. There may also be more cardiac artifacts affecting measurements on the left lobe. Finally, the total distance sampled for the coronal images was longer than that of the axial images, perhaps providing a more accurate LSN measurement by reducing sampling bias. LSN software is a promising tool that can be applied to acquired images in less than 5 min. Its applicability on both prospectively and retrospectively available studies gives LSN software the unique ability to both predict liver cirrhosis and to compare a patient's progression over multiple time points, particularly given its high associated repeatability and reproducibility.
There are several limitations to our study. First, the study is retrospective, and the sample size is small, as it reflects our early experience. Second, multiple types of liver disease were grouped together by liver fibrosis staging, some of which may exhibit different patterns or degrees of LSN. Third, we did not assess the accuracy of the software for diagnosing liver fibrosis, given the small sample size. A larger sample size will be necessary to confirm its value in evaluating for liver fibrosis and cirrhosis.
In conclusion, quantitative measurement of LSN is highly reproducible when applied to axial NCT, axial CECT, and coronal T1W HBP. NCT and coronal T1W HBP had acceptable accuracy in diagnosing cirrhosis. This method needs to be compared to other non-invasive techniques such as ultrasound elastography and MR elastography.
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